Here we show, using the green fluorescent protein (GFP) fusion system, that an Arabidopsis thaliana zinc-metalloprotease (AtZn-MP) is targeted to both mitochondria and chloroplasts. A deletion mutant lacking the amino-terminal 28 residues, with translation initiation at the second methionine residue, was imported into chloroplasts only. However, a mutated form of the full-length targeting peptide, in which the second methionine residue is changed to leucine, was imported to both organelles. No GFP fluorescence was detected when a frame-shift mutation was introduced between the first and second ATG codons of the Zn-MP-GFP construct, suggesting no alternative translational initiation. Our results show that the dual targeting of the Zn-MP is due to an ambiguous targeting peptide. Furthermore, we show that the recombinant AtZn-MP degrades mitochondrial and chloroplastic targeting peptides, indicating its function as a signal peptide degrading protease in both mitochondria and chloroplasts. EMBO reports 4, 1073EMBO reports 4, -1078EMBO reports 4, (2003 doi:10.1038/sj.embor.7400011
INTRODUCTION
More than 98% of mitochondrial and chloroplastic proteins are encoded in the nucleus, synthesized on cytosolic polyribosomes as precursors carrying a cleavable amino-terminal targeting peptide and then imported post-translationally into the organelle. After import, targeting peptides are cleaved off by the mitochondrial processing peptidase (MPP) in mitochondria and the stromal processing peptidase (SPP) in chloroplasts. The accumulation of targeting peptides has been reported to have severe effects on the integrity and functions of mitochondria and chloroplasts (Nicolay et al., 1994; Wieprecht et al., 2000) . The free targeting peptides are therefore rapidly removed by proteolytic degradation. We have isolated and identified a novel zinc-metalloprotease (Zn-MP) involved in the degradation of mitochondrial presequences (Ståhl et al., 2002) .
Mitochondria and chloroplasts share a set of common metabolic activities; many enzymes that catalyse similar reactions are therefore localized in both organelles. These enzymes are usually isoenzymes encoded by different genes, expressed individually and imported into their respective organelles as distinct precursors. However, a subset of these proteins have been shown to be dual-targeted proteins that, although encoded by a single nuclear gene, are translated in the cytosol and targeted post-translationally to both mitochondria and chloroplasts (Peeters & Small, 2001) . There are two possible mechanisms by which dual targeting can be achieved: through either a twin targeting sequence or an ambiguous targeting sequence. Twin targeting signals might be the result of alternative transcription or translation initiation, alternative splicing, or some post-translational modification that results in the formation of two proteins with distinct targeting peptides. The precursor proteins carrying an ambiguous targeting signal exist as a single polypeptide form but can be recognized and transported by the import machinery of more than a single organelle (Danpure, 1995; Small et al., 1998) .
Here, we investigated the dual targeting and catalytic function of a recently identified signal peptide degrading Zn-MP. Our results show that Arabidopsis thaliana Zn-MP (AtZn-MP) is dual-targeted to mitochondria and chloroplasts in vivo, and that Zn-MP can proteolytically degrade both mitochondrial and chloroplastic targeting peptides.
RESULTS AND DISCUSSION

In vivo dual targeting of the Arabidopsis thaliana Zn-MP
The full-length protein of the Arabidopsis thaliana Zn-MP (AtZn-MP; AAL90904) is reported in the NCBI database to contain 1,080 amino-acid residues. The targeting peptide was predicted to be 85 amino acids long (Fig. 1A) and the mature part corresponds to 995
Dual targeting and function of a protease in mitochondria and chloroplasts amino acids as determined by both MitoProt and ChloroP. The intracellular prediction program TargetP indicated that the AtZn-MP could be localized both to mitochondria and chloroplasts, whereas Predotar predicted only the mitochondrial localization.
To investigate targeting of the AtZn-MP, the targeting peptide and 40 amino-acid residues from the mature part of the protein were fused to green fluorescent protein (GFP; Fig. 1B Zn-MP-GFP (Cq-Ct), as described in Methods. The GFP column shows the signal detected in the green channel; the Mitotracker column shows the signal detected in the red channel; the GFP + Mitotracker column corresponds to the merging of the two previous columns, in which yellow represents the superposition of green and red; and the GFP + chlorophyll column corresponds to the merging of the green channel and the chlorophyll signal detected in the far-red channel. Scale bars, 10 μm.
Dual targeting of the Zn-metalloprotease S. Bhushan et al. 1999 ). The mitochondrial presequence of the ATP synthase F 1 β-subunit from Nicotiana plumbaginifolia fused to GFP (F 1 β-GFP) was used to assay mitochondrial targeting (Duby et al., 2001) . Transient expression of the GFP constructs was performed in tobacco protoplasts. Confocal microscopy analysis shows that, in protoplasts transformed with the F 1 β-GFP construct, GFP fluorescence is localized to small, punctuated structures (Fig. 1Ca ), which were also labelled by the fluorescence of Mitotracker (Molecular Probes; Fig. 1Cb ). Colocalization is shown in yellow in the merged image in Fig. 1Cc . GFP alone showed the characteristic fluorescence in the cytosol (Fig. 1Ce-h ). Protoplasts transformed with the Zn-MP-GFP construct showed fluorescence in two different locations, the punctuated structures and large, round structures (Fig. 1Ci) . Fluorescence in the punctuated structure colocalized with Mitotracker ( Fig. 1Ck ). In contrast, GFP fluorescence in the large, round structures colocalized with the chloroplasts as shown by the superposition of GFP and chlorophyll autofluorescence (Fig. 1Cl ).
The targeting peptide of the AtZn-MP contains a second methionine residue at position 29 that might function as a second translational initiation site. We therefore used a deletion construct starting from the second methionine (Δ1-28Zn-MP-GFP) and a mutant with the second methionine changed to leucine ([M29L]Zn-MP-GFP) (Fig. 1B) . The truncated targeting peptide in the Δ1-28Zn-MP-GFP construct targeted GFP to chloroplasts only, as shown by the colocalization of green fluorescence with the red autofluorescence of the chlorophyll (Fig. 1Cp) . A few chloroplasts seem not to be labelled by GFP, as has been shown for other proteins in a protoplast transient expression system Hedtke et al., 2000) . The mutant construct [M29L]Zn-MP-GFP targeted GFP to both mitochondria and chloroplasts, as revealed by the colocalization of GFP with Mitotracker and chlorophyll fluorescence ( Fig. 1Cq-t) . We can therefore conclude that the second part of the targeting peptide is sufficient for chloroplast targeting but not for mitochondrial targeting.
The same constructs that were used for protoplast transformation were cloned into a binary pBI101 (Clontech) vector, and transient expression into tobacco leaves was performed. The leaf area infiltrated with the Agrobacterium suspension carrying the control F 1 β-GFP construct showed green fluorescence in the characteristic mitochondrial structures of small punctuate morphology ( Fig. 2A) . The green fluorescence in the punctuated structures was colocalized with the immunostaining of a mitochondrial-specific marker, lipoamide dehydrogenase (data not shown). With the GFP construct alone, fluorescence was detected in both the nucleus and the cytosol surrounding the large central vacuole (Fig. 2C) . The presence of GFP in the nucleus has been also observed previously (Grebenok et al., 1997) . The leaf area infiltrated with Agrobacterium carrying the Zn-MP-GFP construct again showed green fluorescence in mitochondria and chloroplasts (Fig. 2E,F) . Note that the mitochondrial labelling follows the border of the puzzle-piece-like epidermal cell. Note also that not all the cells are transformed in this transient expression system. This results in the identification of chloroplasts of non-transformed cells (for example, in the upper left part of Fig. 2F ) that are not labelled by GFP. These results further confirmed the dual targeting properties of the Zn-MP targeting peptide.
When the leaves were infiltrated with Agrobacterium carrying the truncated construct Δ1-28Zn-MP-GFP (Fig. 2G,H) , GFP was targeted to the chloroplasts only. However, GFP in the [M29L]Zn-MP-GFP construct was targeted to both mitochondria and chloroplasts (Fig. 2I,J) .
Furthermore, no GFP fluorescence was detected when a Zn-MP-GFP construct that contained a frameshift mutation between the first and second ATG codon of the Zn-MP-GFP construct was introduced into tobacco leaves (data not shown). These results exclude the dual targeting of the Zn-MP as a result of alternative translational initiation in vivo. In conclusion, the AtZn-MP harbours an ambiguous targeting signal, which is recognized and transported by both mitochondrial and chloroplastic import machinery. 
scientific report
In vitro import of the Arabidopsis thaliana Zn-MP
To investigate whether the targeting fidelity of the AtZn-MP is influenced by its mature part and to verify the dual targeting of the Zn-MP targeting peptide, in vitro import assays of the full-length Zn-MP, Δ1-28Zn-MP and [M29L]Zn-MP were performed with isolated mitochondria and chloroplasts (Fig. 3) . Incubation of the Zn-MP precursor with isolated mitochondria resulted in import and processing of the precursor protein (Fig. 3A, lanes 2 and 3) , detected as protection of the mature Zn-MP inside mitochondria after treatment with proteinase K (PK). The truncated presequence (Δ1-28Zn-MP) could not target the Zn-MP into mitochondria (Fig. 3A,  lanes 7 and 8) . However, incubation of the mutant precursor ([M29L]Zn-MP) with isolated mitochondria resulted in import and partial processing of the precursor (Fig. 3A, lanes 12 and 13) . Import of the precursors into mitochondria was dependent on membrane potential, because no imported precursor or mature form was protected from degradation by PK in the presence of valinomycin (Fig. 3A, lanes 5 and 15) .
Incubation of the Zn-MP precursor with isolated chloroplasts resulted in import and processing of the precursor protein to a mature-sized protein identical to that in the mitochondrial import experiments (Fig. 3B, lane 2) . The mature protein was resistant to treatment with thermolysin (Fig. 3B, lane 3) . Both the truncated (Δ1-28Zn-MP) and mutant ([M29L]Zn-MP) precursor proteins were also imported and processed to a mature-sized form after incubation with chloroplasts (Fig. 3B, lanes 6 and 9) .
Incubation of the Zn-MP precursor simultaneously with isolated mitochondria and chloroplasts in a dual import system, followed by re-isolation of the organelles (Rudhe et al., 2002) , also resulted in import and processing of the precursor protein to a mature-sized protein in both organelles (Fig. 3C, lanes 2 and 4) . The maturesized protein was further resistant to treatment with thermolysin, indicating import of the precursor into mitochondria (Fig. 3C, lane 3) and chloroplasts (Fig. 3C, lane 5) . These results further verified dual targeting of the Zn-MP.
Dual organellar localization of Zn-MP
Isolated spinach mitochondria and chloroplasts were probed with an antibody against AtZn-MP (Fig. 4) . A protein band with an apparent molecular mass of 100 kDa was detected in both mitochondria and chloroplasts. These results showed dual localization of Zn-MP in spinach. Purity of the mitochondria and chloroplasts was tested by using antibodies raised against organelle-specific proteins; there was less than 0.3% cross-contamination (data not shown).
Dual function of the Arabidopsis thaliana Zn-MP
Previous results from our laboratory showed that the mitochondrial presequences are degraded by a metalloprotease and that the protease was identified as the AtZn-MP (Ståhl et al., 2002) . Chloroplastic transit peptides were shown to be degraded by an ATP-dependent metalloprotease activity; however, the protease responsible for the degradation remains unknown (Richter & Lamppa, 2002) . Incubation of a Nicotiana mitochondrial presequence from the ATP synthase F 1 β-subunit (N 5.7 pF 1 β(2-54)-hsl; Ståhl et al., 2002) and a Pisum sativum chloroplast transit peptide of the small subunit of ribulose bisphosphate carboxylase/oxygenase (SStpPs) with the recombinant mature part of the AtZn-MP (Fig. 5, lanes 2 and 5) resulted in the complete degradation of both targeting peptides. No proteolytic activity was seen in the presence of a metal chelator, o-phenanthroline (Fig. 5, lanes 3  and 6) . We therefore conclude that the Zn-MP degrades targeting peptides in both organelles. Several techniques are available for studying organellar protein targeting, not all of which are ideal for studying dual targeting. There are a few reports showing mistargeting of chloroplastic proteins to mitochondria with the use of in vitro import methods. However, GFP as a marker in an in vivo GFP fusion system has been frequently used to study the subcellular localization of dual-targeted proteins with rare examples of mistargeting. The only published example in which GFP has given results that were in conflict with another technique was for Arabidopsis mercaptopyruvate sulphurtransferase (reviewed by Peeters & Small, 2001) . We have confirmed our results of dual targeting with a combination of complementary techniques, both in vivo and in vitro. In addition to the targeting and immunodetection studies, the proteolytic activity of the recombinant Zn-MP against both the mitochondrial and chloroplastic targeting peptides strongly suggests that the Zn-MP functions as a targeting-peptide-degrading protease in both organelles.
METHODS
Green fluorescent protein fusion constructs. The full-length cDNA of AtZn-MP (AtZn-MP) was originally obtained from the Kazusa DNA Research Institute in Japan (http://www.kazusa.or.jp/en/plant). To investigate the targeting properties of the AtZn-MP, three different constructs named Zn-MP-GFP, Δ1-28Zn-MP-GFP and [M29L]Zn-MP-GFP were made that contained 125 N-terminal amino acids of the Zn-MP precursor fused to GFP mGFP4 S65T. In the construct Zn-MP-GFP, the Zn-MP sequence was introduced by using the primers 5′zmpgfp (5′-agatctCAGTAGCAGTCTCCGCCG-3′) and 3′zmpgfp (5′-ggtaccGAAGAGTATCGCCTTTGATTTAC-3′); in the construct Δ1-28Zn-MP-GFP it was introduced by using the primers 5′-Δ28zmpgfp (5′-agatctTACATGTCTCTCACATCGTCGA-3′) and 3′zmpgfp. The PCR products were directly cloned into a TOPO zeroblunt vector (Invitrogen) and digested with BglII and KpnI. The digested fragments were gel-extracted and cloned into pTZ19U-derived vector between the EN50PMA4 promoter and GFP (Duby et al., 2001) . By site-directed mutagenesis (Stratagene), the methionine residue at position 29 was changed to leucine in [M29L]Zn-MP-GFP by using the primers 5′mutzmp (5′-CAGTTCCCTCGCTC TTACTTGTCTCTCTCACATC-3′; mutation underlined) and 3′ mutzmp (5′-GATGTGAGAGACAAGTAAGAGCGAGGGAACTG-3′). To perform Agrobacterium-mediated transient expression, the expression cassettes used for protoplast transformation were transferred into a pBI101-derived vector (Clontech). All constructs were verified by sequencing. In vitro targeting constructs. The first 28 N-terminal amino acids of the AtZn-MP were deleted by using the primers 5′zmpp (5′-cccgggATGTCTCTCACATCGTCGACGGC-3′) and 3′zmp (5′-ctcgagGAGAGCTTTCTTCACCTCGAAAAAGTTG-3′). The methionine residue at position 29 in [M29]LZn-MP was changed to leucine as described above. Transient expression into tobacco protoplasts and leaves. Protoplasts were prepared from leaves of Nicotiana tabacum cv. SR1 (Maliga et al., 1973) and transformed as described by Lukaszewicz et al. (1998) . Transient expression into tobacco leaves, mediated by Agrobacterium tumefaciens, was performed as described by Batoko et al. (2000) . The Agrobacterium suspension with an absorbance of 0.3 at 600 nm was infiltrated into tobacco leaves. Staining of mitochondria and analysis by confocal microscopy. Protoplasts were incubated in culture medium with 400-nM Mitotracker Red CM-H2Xros (Molecular Probes) for 40 min, and washed three times before confocal analysis.
Confocal microscopy was performed with a Bio-Rad MRC-1024 laser-scanning confocal imaging system. For the detection of GFP, excitation was at 488 nm and detection was between 506 and 538 nm. Mitotracker staining was detected between 589 and 621 nm with excitation at 568 nm; chloroplast autofluorescence was detected between 664 and 696 nm with excitation at 488 nm. In vitro import. All the precursors and translated products were synthesized by using the in vitro transcription/translation coupled reticulocyte lysate TNT system (SDS-Promega) in the presence of [ Potato tuber mitochondria were isolated and the import experiments were performed as described by von Stedingk et al. (1997) . Spinach mitochondria and chloroplasts were isolated from scientific report spinach leaves, and import experiments were performed as described by Eriksson et al. (1994) and Bruce et al. (1994) . Dual import was performed with isolated spinach mitochondria and chloroplasts as described by Rudhe et al. (2002) . Western blotting. Samples (100 μg) of mitochondria and chloroplasts (20 μg chlorophyll) from spinach were solubilized in Laemmli sample buffer and subjected to 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in the presence of 4 M urea (Laemmli, 1970) . Immunological cross-reactivity was analysed by western blotting with antibodies raised against the C-terminal part of Zn-MP (residues 904-922) followed by detection with horseradish peroxidase (HRP)-conjugated secondary antibodies. Proteolytic activity of the Arabidopsis thaliana Zn-MP. Proteolytic activity was determined by degradation of the mitochondrial presequence N 5.7 pF 1 β(2-54) and the chloroplastic ztransit peptide SStpPs. Overexpression of the mature part of the AtZn-MP was performed in Escherichia coli using the glutathione S-transferase fusion system (P. Moberg, A. Ståhl, S. Bhushan, S. Wright, A.C. Eriksson, B. Bruce & E. Glaser, unpublished data). The proteolytic reaction contained 1 μg of the recombinant Zn-MP and 10 μM of either N 5.7 pF 1 β(2-54)-hsl or SStpPs in the degradation buffer containing 20 mM HEPES-KOH (pH 8.0) and 10 mM MnCl 2 . Degradation was performed for 30 min at 30 °C and the reaction was stopped by the addition of Laemmli sample buffer. For the detection of N 5.7 pF 1 β(2-54), samples were analysed on 10-20% Tris-Tricine gels (Bio-Rad) and stained with Coomassie Brilliant Blue. For the detection of SStpPs, samples were subjected to 12-20% SDS-PAGE in the presence of 4 M urea and immunological cross-reactivity was analysed by western blotting with an antibody raised against SStpPs followed by detection with horseradish peroxidase-conjugated secondary antibodies. For the inhibition studies, 20 mM o-phenanthroline was added and pre-incubated with the reaction mixture for 10 min.
